The cephalosporin ,B-lactamase was purified from a strain of Proteus morganii that showed resistance to fl-lactam antibiotics and produced the enzyme constitutively. The purified enzyme preparation gave a single protein band on polyacrylamide gel electrophoresis and consisted of a single polypeptide of molecular weight 38,000 to 40,000 from gel filtration of Sephadex G-100 and sodium dodecyl sulfate-acrylamide gel electrophoresis, its isoelectric point being pH 7.2. No cysteine residue was found in its amino acid composition. The specific activity was 190 ,tmol/min per mg of the purified enzyme protein for the hydrolysis of cephaloridine, the optimal pH was about 8.5, and the optimal temperature was 50°C. Antibodies against the purified 8-lactamase inhibited not only the enzyme activity of the purified preparation, but also the enzyme activity of all of the other strains of P. morganii so far tested, regardless of whether the modes of their production were inducible or constitutive. None of the 3-lactamases produced by fl-lactam antibiotic-resistant strains of other species of Proteus was affected at all by the antibodies, thus showing that the purified cephalosporin B-lactamase was of the species-specific type. The enzymological properties of the preparation have been compared with those of 18-lactamases derived from other gram-negative enteric bacteria.
Since Abraham and Chain (1) reported the penicillin-destroying activity in extracts of Escherichia coli and the enzyme activity was presumed to have a primary role for the high resistance of the organisms to penicillins, there have been many reports on the synthesis of 1- lactamase by many gram-positive and gramnegative bacteria, including some strains of Proteus morganii (4-6, 16, 19, 29, 38) .
These resistant strains of P. morganii have been reported to produce inducibly a cephalosporin 83-lactamase (cephalosporinase), which is considered to be the "species-specific" 8-lactamase. Some properties of cephalosporinases have been investigated and compared with J8-lactamases of other bacteria, using crude extracts from bacterial cells (4, 5, 16, 19, 38) .
We have isolated 11 strains of P. morganii, from clinical sources, highly resistant to penicillins and cephalosporins. All the /8-lactamases present in the extracts of these strains were found to act preferentially on cephaloridine (CER) and cephalothin, rather than on benzylpenicillin and ampicillin, and were thus classi-fied as cephalosporinases. Three strains produced the enzyme constitutively, and the others produced it inducibly. We undertook the purification of f-lactamase from a resistant strain (1510) of P. morganii, which produced the enzyme constitutively in the highest amount, to examine its enzymological and physicochemical properties.
MATERIALS AND METHODS
Bacterial strains. P. morganii 1510 and other strains were isolated from clinical sources and maintained by subculture on nutrient agar.
Drug resistance. A loopful of an 18-h culture in heart infusion broth (Nissui Co., Tokyo) was spotted on heart infusion agar plates containing serial twofold dilutions of each drug. The antibacterial activity of each drug was estimated after 20 h of incubation at 37°C and expressed as the minimal inhibitory concentration of the drug.
Culture and harvesting of the organism. The organism was precultured overnight at 37°C in heart infusion broth. The culture was diluted with 20 volumes of the fresh heart infusion broth and then grown at the same temperature with shaking for 3 to 4 h. When inducer was required for the production of 13-lactamase, 2 ml ofbenzylpenicillin (10 mg/ml) was added to 200 ml of culture medium at 1 h and then at 2 h after the start of the culture, and the culture was continued for an additional 1.5 Enzyme assay. Cephalosporin ,B-lactamase (cephalosporinase) activity was assayed spectrophotometrically by measuring the tlecrease in absorbance at 260 nm for CER (0.15 mM) at 25°C in 3 ml of 10 mM potassium phosphate buffer (pH 8.5). Penicillin f3-lactamase (penicillinase) activity was determined by the microiodometric assay method devised by Novic (26) , using benzylpenicillin and ampicillin as substrates. One unit of the enzyme activity was defined as the amount of enzyme that hydrolyzed 1 ,tmol of the substrate in 1 min at 25°C.
Immunological procedures. Antiserum against the purified enzyme was prepared from rabbits as described previously (20) . The effects ofthe antibody on the enzyme activity were examined as follows. Enzyme solution (about 3 U) was incubated with various amount of antiserum in 0.1 ml of 40 mM Tris-hydrochloride buffer (pH 8.5) at room temperature for 5 min, which was long enough to give maximal inhibition. A sample of the preincubated solution was assayed for cephalosporinase activity at 25°C, with CER as a substrate. As a control, normal serum from a nonimmunized rabbit was used instead of the anti-p8-lactamase antiserum.
To test the purity of anti-f3-lactamase antibody, agar double diffusion was carried out with 1.2% agarose (Bio-Gel) in 0.1 M potassium phosphate buffer (pH 7.2) containing 0.01% sodium azide (20) . The agar plate charged with the crude enzyme ofcell extract, the purified enzyme, and anti-/3-lactamase antiserum or control serum was incubated at room temperature for 5 h and then kept in the cold (4°C) for 4 days.
Polyacrylamide gel electrophoresis. The purity of the enzyme preparation was checked by discontinuous gel electrophoresis as described by Davis (12) , using 7.5% acrylamide gel, pH 8.5, as the separation gel. The electrophoresis was run at 4°C.
Isoelectric focusing. Isoelectric focusing of the (3-lactamase on a pH gradient (pH 3 to 10) was carried out by the method described by Svensson (35) , using a 110-ml column (LKB Instruments, Inc.) maintained at 4°C.
Determination of molecular weight. Molecular weight ofthe purified enzyme was determined by gel filtration through Sephadex G-100 (Pharmacia, Sweden), as described by Andrews (3) , and by sodium dodecyl sulfate-discontinuous gel electrophoresis according to Weber and Osborn (36) , using bovine serum albumin (molecular weight, 67,000), ovalbumin (45,000), deoxyribonuclease (spleen) (31, 000) , chymotrypsinogen (25,000), trypsin (23,000), myoglobin (17,800), lysozyme (14,300), and ribonuclease I (13,700) as molecular weight standards. The gel concentration of sodium dodecylsulfate-discontinuous gel electrophoresis was 10%.
Amino acid analysis. Amino acid compositions of the purified enzyme preparation were determined as described by Spackman et al. (34) with an amino acid analyzer (Hitachi model KLA-2). Hydrolysis was in 6 N HCl at 110°C for 24 or 48 h. Cysteine was determined as cysteic acid with an amino acid analyzer after performic acid oxidation, followed by hydrolysis in 6 N HCl as described by Moore (25) . Tryptophan was determined spectrophotometrically in 0.1 N NaOH, according to Fraenkel-Conrat (15) , and with an amino acid analyzer after acid hydrolysis of the purified enzyme in 6 N HCl containing 4% thioglycolic acid (24) .
Determination of protein and carbohydrate. The concentration of protein was determined by the method of Lowry et al. (23) , with bovine serum albumin as a standard. The carbohydrate content in the purified enzyme preparation was estimated by the phenol-sulfuric acid method of Dubois et al. (13) , using glucose as a standard.
Chemicals. CER and cephalothin were purchased from Torii and Shionogi Pharmaceutical Co., respectively. Cefazolin and benzylpenicillin were obtained from Fujisawa Pharmaceutical Co. and Nihon Kayaku Co., respectively. Cephradine was obtained from Squibb Co. Cloxacillin, oxacillin, and methicillin were purchased from Banyu Pharmaceutical Co. Ampicillin, cephalexin, cefamandole, cephamycin C, cefoxitin, and CS-1170 {sodium 7-38-cyanomethylthioacetamido-7a-methoxy-3-[ (1-methyl-1H-tetrazol-5-yl)thiolmethyl-3-cephem-4-carboxylate} were prepared by the Sankyo Co.
RESULTS
Resistance levels and .-lactamase. Levels of resistance to three cephalosporins and two penicillins are shown in Table 1 . All strains in Table 1 are highly resistant to CER, cephalexin, and benzylpenicillin and moderately resistant to ampicillin. The antibacterial activity of cephamycin C, a 7a-methoxylated derivative of cephalosporin, was the most effective tested. These resistant strains of P. morganii were found to have high f8-lactamase activity. lactamase produced by these strains ofP. morganii hydrolyzed CER, cephalothin, and other cephalosporins more rapidly than penicillins such as benzylpenicillin and ampicillin (Tables  1 and 5 ), indicating that these 18-lactamases seem to be typical cephalosporinases as classified in reference 30, and the ,3-lactamase activities of these resistant strains were roughly parallel to their resistance levels to various drugs.
Three ofthe resistant strains (1502, 1503, and 1510) of P. morganii were found to synthesize the enzyme constitutively, whereas the others synthesized it inducibly, as is often the case with cephalosporinase production by gram-negative bacteria. Enzyme activities of these inducible strains were undetectable without the addition of inducers. A strain (1510) of P. morganii synthesized the (8-lactamase to the same extent with or without an inducer (benzylpenicillin) at 37°C or even at a lower temperature (20°C), thus eliminating the possibility that the mode of enzyme production was changed, de- pending upon the temperature of the culture, as reported with (3-lactamase production by Escherichia freundii GN 346 (33) . This strain was found to have the highest level of enzyme activity of all the strains tested in Table 1 and was used as a source for the purification of the ,3-lactamase.
Effect of the antibody against purified (3- lactamase from P. morganiu 1510 on the enzyme activity of strains of P. morganii and other Proteus species. The agar double-diffusion technique gave a single connecting precipitin line for the anti-f3-lactamase antiserum and the purified and crude ,B-lactamases ofP. morganii 1510, showing that the antiserum contained a single reacting component with the purified and crude enzyme preparations (data not shown). The antibody inhibited the 3-lactamase activity of either the purified or crude enzyme preparation of P. morganii 1510 to a large extent (80%) but not completely, even when an excess amount of antibody was used. The remaining enzyme activity (some 20% of initial activity) was not due to the presence of a different kind of (3-lactamase unreactive with the antibody, but rather to precipitation of the antigen-antibody complex possessing some enzyme activity (Fig. 1 showing that the ,8-lactamase produced by P. morganii 1510 was of the species-specific type and that the constitutive production of 8-lactamase of P. morganii may be attributed to the mutation of regulatory mechanisms of the inducible strain ( Table 2) . Purification of enzyme. All procedures were carried out at 4°C unless stated otherwise. The results of purification after each procedure are summarized in Table 3 . Cells were harvested by centrifugation from a culture (15 liter) in the mid-to-late-exponential growth phase. Collected cells (about 42 g, wet weight) were suspended in 250 ml of Tris-hydrochloride buffer (10 mM, pH 7.2) containing 30 mM NaCl, subjected to ultrasonic oscillation (25 kc/80 W) for 1 min, and then cooled for 1 min. The disruption procedure was repeated three more times (step I). The suspension was centrifuged at 105,000 x g for 20 min to remove unbroken cells and cell debris (step II). To the resulting supernatant fluid, streptomycin sulfate was added to a final concentration of 1.5% (wt/vol). After removal of the precipitate by centrifugation (10,000 x g for 20 min), the.supernatant portion was dialyzed overnight against distilled water and then against 3 liters of phosphate buffer (5 mM, pH 7.2). The precipitate formed during dialysis was removed by centrifugation, and the supernatant (step III) was passed through a diethylaminoethyl-cellulose (DE 52, Whatman Co.) ,8-LACTAMASE FROM P. MORGANII 729 column (1.8 by 40 cm) equilibrated with phosphate buffer (5 mM, pH 7.2), most of the enzyme activity being eluted, unadsorbed, on the column at this pH. The active fractions (345 ml, step IV were pooled and lyophilized. The lyophilized preparation, dissolved in about 10 ml ofphosphate buffer (5 mM, pH 7.2), was applied to a Sephadex G-100 column (3 by 80 cm). The pooled fractions of 8-lactamase (step V) from the Sephadex G-100 column were directly applied to a hydroxylapatite column (1.6 by 14 cm). The enzyme was eluted with a linear concentration gradient of 0.005 to 0.2 M phosphate buffer (pH 7.2) in a total volume of 500 ml. Fractions around the peak had nearly the same specific activity and were combined (step VI).
The purity of the enzyme preparations was checked by discontinuous gel electrophoresis as described by Davis (12) ide gel of pH 8.5 as a separation gel (Fig. 2) . In five separate purifications, enzyme was purified about 100-fold from disrupted cells by these procedures to give a single band in discontinuous gel electrophoresis (Fig. 2) . When some minor contaminants were occasionally detected in the enzyme preparation of step VI by discontinuous gel electrophoresis, another purification procedure was performed with a diethylaminoethyl-cellulose column at pH 8.5. At this pH, the enzyme was adsorbed on the column and eluted in the concentration range of 0.14 to 0.16 M, when a linear concentration gradient (0.005 to 0.2 M) ofphosphate buffer (pH 8.5) was applied with a total volume of 400 ml. Several fractions around the peak which had the same specific activity were combined and stored frozen at -20°C.
Physicochemical properties of the purified enzyme. The molecular weight of the f3-lactamase was determined to be 38,000 ± 2,000 by gel filtration through a Sephadex G-100 column, using bovine serum albumin, ovalbumin, deoxyribonuclease (spleen), chymotrypsinogen, myoglobin, and ribonuclease I as molecular weight standards. From the electrophoretic mobility of the sodium dodecyl sulfate-acrylamide gel, the molecular weight of the enzyme was estimated to be about 40,000, using bovine serum albumin, ovalbumin, trypsin, lysozyme, and ribonuclease I as molecular weight standards. Neutral sugar was not detectable in the purified /8-lactamase by the phenol-sulfuric acid method (13) . These results show that the ,8-lactamase is composed of a single polypeptide of molecular weight 38,000 ± 2,000, which is the highest molecular weight of a /3-lactamase so far reported, since 3-lactamases of molecular weights 44,600 and 41,000 encoded by resistance plasmids R. and R,, have been reported recently to consist of two subunits of the same molecular weight (8, 10) . The isoelectric point of the (3-lactamase, determined by isoelectric focusing (Ampholine LKB 8131, pH 3 to 10) at 40C, was pH 7.2, which was lower than the value obtained with the crude enzyme preparation of P. morganii GN 926 by electrophoresis on an agar gel plate (38) .
A summary of amino acid analyses of the (3-lactamase is given in Table 4 . Tryptophan content was determined spectrophotometrically in a 0.1 N NaOH solution of the purified enzyme, as described by Fraenkel-Conrat (15) , and estimated by amino acid analysis after hydrolysis of the purified enzyme in 6 N HCl containing 4% thioglycolic acid, according to Matsubara and Sasaki (24) . Two The supernatant fraction from disrupted cells was incubated with the antibody at 30°C for 10 min, and a sample of the reaction mixture was assayed for (3-lactamase activity as described in the text. Penicillinase and cephalosporinase activities were measured as described in Table 1 , and the specific activities were calculated as in Table 1 . + and -indicate inhibition and no inhibition of the enzyme activities by the antibody, respectively. PC-G, Benzylpenicillin; MIC, minimum inhibitory concentration. and 0.380 from amino acid analysis and spectrophotometry, respectively). Cysteine was determined as cysteic acid after performic acid oxidation followed by acid hydrolysis in 6 N HCI for 24 h. Only a negligible amount of cysteic acid (less than 0.3 residue/mol of the enzyme) was detected in the oxidized preparation of the (3-lactamase, suggesting the absence of cysteine in the (-lactamase molecule.
Enzymatic properties of the purified en-zyme. The pH activity curve for the 83-lactamase with CER as a substrate was tested. The enzyme has a broad optimal pH range between 7.5 and 9. About 65% of the enzyme activity at optimal pH (8.5) remained at pH 10 and 6.5. The temperature optimum was 50°C, using CER as a substrate.
The kinetic parameters of the enzyme activity toward various derivatives of penicillin and cephalosporin are given in Table 5 (-) to bottom (+) at 5°C as described by Davis (12) , using a 7.5% acrylamide gel of pH 8.5 as the separation gel. After electrophoresis at 3 mA/tube for about 3 h, the gels were stained with Coomassie brilliant blue. have a considerable activity towards penicillins; and (iii) penicillinases. According to their classification, the 13-lactamase of P. morganii 1510 appears to belong to the typical cephalosporinases. The semisynthetic penicillins had a high affinity to the enzyme, as indicated by their low K{ values, and therefore were powerful competitive inhibitors to the action of the enzyme (Table 5) . Among the cephalosporin derivatives tested, 7a-methoxylated cephalosporins such as cefoxitin, CS-1170, and cephamycin C were much more resistant to the hydrolytic action of the ,3-lactamase than the unsubstituted cephalosporins. In addition, the apparent Km values for cefoxitin and CS-1170 were too low to be determined accurately, indicating their high affinity to the enzyme and suggesting that they might be potent competitive inhibitors of the enzyme with CER as substrate. mal production of the enzyme, as pointed out previously in the production of 3-lactamase by gram-negative bacteria (6, 38) . On the other hand, three of them produced the enzyme constitutively in a high amount. From their substrate profile, all the f3-lactamases from these strains of P. morganii can be included in the typical cephalosporinases, as classified by Sawai et al. (30) . The antibody against the purified 3-lactamase produced constitutively by P. morganii 1510 was prepared from rabbits and was found to inhibit the activities of all the resistant strains of P. morganii to the same extent, regardless of whether they were synthesized inducibly or constitutively, whereas the (3-lactamases of any resistant strains of other Proteus species did not cross-react with the antibody, although many of them had a substrate profile of cephalosporinase similar to those of the P. morganii enzymes. These results show that the ,B-lactamase produced by P. morganii 1510 is of the species-specific type, as was frequently observed with the cephalosporinase-type (8-lactamase of gram-negative bacteria (37) .
The -lactamase, purified about 100-fold on the basis of specific activity from P. morganii 1510 to apparent homogeneity (acrylamide gel electrophoresis), has a specific activity of 190 U/ mg ofprotein with CER and a molecular weight of approxiimately 38,000. Accordingly, the molecular activity (or turnover number) was calculated to be 7.22 x 103/min. This number is lower than those reported with (3-lactamases from Pseudomonas aeruginosa GN 918 (6.3 x 104/min) (37) and Escherichia coli (R-TEM) (1.3 x 104/min) (11) but higher than those ofE. coli K-12 (1.44 x 103/min) (22) and Enterobacter cloacae 214 (0.97 x 102/min) (18) . The (3-lactamases mediated by R factors, such as RrEM, R1, R&N 823, RN 238, RCN 14, and R4. were purified, and their molecular weights were reported to be 20,000 (9), 22,000 (21), 22,600 (32), 25,400 (30), 20,600 (32) , and 44,600 (8, 10) , respectively. The species-specific (8-lactamase purified from P. aeruginosa GN918 has a molecular weight of 34,000 and is classified into the typical cephalosporinase, as described (37) . The molecular weight ofP. morganii 1510 P-lactamase is close to that reported with (-lactamase from Pseudomonas aeruginosa GN9,18. However, the isoelectric point (pH 7.2), optimal temperature (50°C), and optimal pH (pH 8.5) for enzyme activity of P. morganii 1510 were somewhat different than those of Pseudomonas aeruginosa GN918 enzyme (isoelectric point, pH 8.7; optimal temperature, 40°C; optimal pH, 7.5).
In contrast to the /3-lactamase from P. aeruginosa GN918 (37) , no inactivation by pchloromercuribenzoate was observed with the enzyme from P. morganii 1510, consistent with no cysteine in its amino acid composition.
It has been reported by numerous investigators (7, 14, 16, 27, 30, 37, 38) that semisynthetic penicillins, particularly methicillin and cloxacillin, are not only resistant to hydrolysis by cephalosporinase but are strong inhibitors of the enzyme activity. These semisynthetic peni-V ,-LACTAMASE FROM P. MORGANII 733 cillins also inhibited the /3-lactamase ofP. morganii 1510 in a competitive manner, with very low Ki values. The same situation was observed with 7a-methoxylated derivatives of cephalosporin such as cefoxitin and CS-1170. K{ values of these 7a-methoxylated derivatives were two to three orders of magnitude lower than the Km values of cephalosporins such as CER, cephalothin, and others. These results suggest that 7a-methoxylated cephalosporins or some semisynthetic penicillins might exert a synergistic effect when present with cephalosporins such as CER, thereby suppressing the growth of cephalosporin-resistant strains ofP. morganii. A preliminary experiment with a biophotometer showed this to be the case. A combination of much lower concentrations of CER (25 ,ug/ml) and cefoxitin (10 ,ug/ml) than their respective minimal inhibitory concentrations was found to retard effectively the growth of the highly resistant strain (1510) of P. morganii to cephalosporins, whereas its growth was only slightly affected at the above concentrations of the drugs when used separately, suggesting that the 18-lactamase was a main factor in the resistance of P. morganii to cephalosporins.
